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Titanium has been used in dental implantology for over 50 years, however, metal-
free implant restorations are becoming increasingly popular. Zirconia is trending as a 
possible alternative implant material due to its favorable material properties. Despite 
conflicting evidence, studies suggest zirconia is likely to replace titanium as the preferred 
dental implant material in the future. This study aims to determine which is the best dental 
implant material in the anterior region. Furthermore, this study will critically analyse and 
compare the two materials in regards to their biocompatibility, osseointegration, 
mechanical properties, aesthetics and clinical success rates. This study was conducted 
by using various search engines to retrieve sufficient data which ranged from PubMed, 
Discover @ Bolton, MDPI and Science direct. The major keywords used in this report 
was; ‘titanium implants’, ‘abutments’, ‘zirconia dental implants’, ‘dental implants’, 
‘osseointegration’, ‘aesthetics’ and ‘mechanical properties of zirconia and titanium’. In 
order to retrieve sufficient data to evidence this report, 43 searches were conducted. 
There were a total of 2131 articles produced through these searches, although after 
applying ‘inclusion and exclusion’ criteria multiple sources were eliminated. A total of 288 
abstracts were read for the purpose of this comparison-based study, however on applying 
the exclusion criteria 216 were dismissed. The inclusion criteria determined the use of 70 
online journal sources and 8 manual journal sources and books, totaling 78 sources for 
this report. Overall, it is difficult to conclude which biomaterial is superior, as each case 
is patient-specific with unique requirements. Zirconia is a suitable alternative to titanium 
for implants in the anterior region, as its osseointegration is equally effective. In 
comparison to titanium, zirconia has better aesthetics and biological properties, making it 
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a good alternative. However, zirconia has much weaker mechanical properties in 
comparison to titanium. Zirconia ages and has lower fracture strength and resistance 
therefore producing lower survival rates. In addition, zirconia, as a relatively new 
alternative lacks long term clinical success. Therefore, more research is required in this 
area to allow a full assessment of which material is superior for dental implants in the 
anterior region.  
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1.0 Introduction  
 
1.1 History of Dental Implants 
 
Dental Implantology procedures have dated as far back as 2500 BC in the ancient 
Egyptian era. Throughout history the Egyptians used materials in one form or another to 
replicate dentition. Materials such as shells and ivory were used to restore oral function 
(Abraham, 2014). The history of dental implant applications can be divided into seven 
eras: The ancient year AD 1000, The medieval period 1000-1800, The foundational 
period 1801-1910, The premodern era 1911-1935, The dawn of modern era 1936-1978, 
The scientific basis of implantology - 1978-1998 and the present era. The year of 1937 is 
believed to be an extraordinary year for the evolution of dental implantation, known as the 
dawn of the modern era as Venable et al. (1937) invented a metal alloy called Vitallium 
which is a mixture of molybdenum, chrome and cobalt. Multiple animal experiments 
confirmed the alloy’s biocompatibility, Vitallium was used for a wide spectrum of 
implantology in dentistry and other medical sectors for many decades (Pal, 2016). Dental 
implantation involves the embedment of a foreign substance within body tissues. After 
tissue recovery, implanted devices can restore function, aesthetics and phonetics giving 
the patient a better quality of life (Byrne, 2014). The chemical and physical properties of 
dental implant materials have been the key attributes of their clinical success since the 
1960s. Many factors influence the success of implant materials such as its surface 
composition, design, biocompatibility, corrosion resistance, strength, fracture and wear 
resistance. Presently from a chemical perspective, ceramics, alloys and high-
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performance polymers are the main biomaterials used for dental implantations (Osman 
and Swain, 2015). 
1.2 Dental alloys  
 
The term alloy derives from combining two or more metallic elements to enhance the 
materials mechanical or biological properties. Metals and alloys are widely used 
applications in various specialities in dentistry. Steel alloys are commonly used for wires 
in orthodontic therapy. Gold alloys are used in fixed prosthodontics as they are used for 
manufacturing crowns, inlays and porcelain fused to metal frameworks. Cobalt- 
Chromium alloy is a popular application in removable prosthodontics especially for 
denture base frameworks (McCabe and Walls, 2008). The composition of metals consists 
of a crystalline structure, within the metal’s microstructure the atoms are packed closely 
together. When a molten alloy cools the process of solidification initiates crystallisation 
growth which is located at specific sites called nuclei. The nuclei form during this process 
and create impurities in the metal. Throughout the cooling phase crystals grow until the 
metal solidifies, each crystal is defined as a grain and the interface between two grains is 
called the grain boundary therefore metals with finer grain structures have higher values 
of yield strength (Figure 1.2.1) (O’Brien, 2008). Alloys and metals are primarily used in 
dentistry due to their favourable mechanical properties. The properties of metals consist 
of high elastic modulus, tensile strength and hardness although some alloys have 
questionable biocompatibility (Slokar et al., 2017). Dental alloys can be divided into three 
categories, these are classified as high noble, noble and base metal alloys. High noble 
alloys consist of many precious metals such as gold, platinum and palladium which are 
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chemically inert, corrosion resistance and least reactive. Noble alloys consist of 
palladium-silver and high palladium (Shillingburg et al., 2012). Base metal alloys consist 
of nickel-chromium, cobalt-chromium, nickel-chromium-beryllium and titanium alloys. 
These alloys have higher tensile strength and increased hardness so they are commonly 
used in dental treatment as they are much lower in cost compared to high noble alloys 




Figure 1.2.1. Diagram illustrating the crystallisation of a metal (A) from nuclei, (B) 
crystal growth during cooling, (C) Grain boundaries are formed when the metal 
solidifies (McCabe and Walls, 2008). 
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1.2.1 Gold alloys  
Gold has been a well-known precious metal for hundreds of years however, it’s 
uses in dentistry originated in 1932. Gold is a favourable metal due to its excellent 
properties, the materials density is 19.3 grams per cubic centimetre, the melting point is 
1062°C and the boiling point is 2600°C. Gold has great biocompatibility, it is corrosion 
resistant and is acknowledged as the most malleable and ductile metal available 
(Oleszek-Listopad et al., 2015). Presently gold is used for a variety of applications in 
dentistry although pure gold is too soft to withstand masticatory forces. Pure gold is 
expensive which may cause limitations in dental treatment. Traditionally metals such as 
silver, copper, platinum, palladium and zinc are used to harden golden alloys. Casting 
gold alloys is a popular technique and can be split into four categories; 
Type 1 - They are low strength alloys; the gold content in this alloy is 85% and these 
alloys are subject to less stress and shall only be used for inlays. 
Type 2 – They are medium strength alloys; the gold content is 75% and these alloys are 
subject to moderate stress and shall only be used for inlays and onlays  
Type 3 – They are high strength alloys; the gold content is 70% and these alloys are 
subject to high stress and can be applied for full crowns, pontics and saddles. 
Type 4 – They are extra high strength alloys; the gold content is 65% and these alloys 
are subject to very high stress and may be can be applied for saddles, clasps, bridges 
and denture frameworks (Knosp et al., 2003; McCabe and Walls, 2008). 
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Titanium is a chemical element represented as Ti with an atomic number of 22 
meaning (22 protons and 22 electrons). The first traces of titanium elements were first 
discovered in England by William Gregor in 1790 and first named in 1795 by German 
chemist Heinrich Klaprot. Titanium and titanium alloys have become a popular metal in 
various industries. The material is very versatile hence the reason it is used in aerospace 
equipment, ship building architecture, sports equipment and medical care. Many factors 
have influenced the usage of titanium due to its low density, great biocompatibility, good 
strength to weight ratio and excellent mechanical properties (De Viter and Fuentes, 2013). 
The main reason titanium is used in medical applications is due to its biocompatibility, low 
density and elastic modulus which resembles the mechanical behaviour of bone. The use 
of titanium in medical treatment became increasingly successful due to its corrosion 
resistance and limited ion release (Jorge et al., 2012). Titanium is a reactive metal when 
it is exposed to gases such as oxygen, the exposure to oxygen creates a chemically inert 
oxide layer on the metals surface enhancing the material’s biological properties (Figure 
1.2.2.1). The thickness of titanium’s oxide layer is determined by the exposure time to 
oxygen. A study reported 2-hour exposure to oxygen created a 1.7nm oxide film, whereas 
40-50 days of exposure to oxygen showed a 3.5nm oxide layer on titanium’s surface. The 
thickness of titanium’s oxide layer can be strengthened when the metal is subjected to 
high temperatures (Alcisto et al., 2004). Various research states thicker oxide film enables 
successful cell attachment (osseointegration) therefore the protective oxide layer of 
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titanium enables the resistance to corrosion hence the reason titanium is used for many 













Figure 1.2.2.1. Oxide layer growth on the surface of titanium once exposed to oxygen 
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1.2.2.1 History of clinical use  
 
Titanium first came to prominence in 1952 when the Swedish doctor Per-Ingvar 
Branemark was conducting an experiment on the blood microcirculation in a rabbit’s tibia 
(Byrne, 2014). During the experiment he accidently discovered titanium and bone 
integrated perfectly without any rejection (osseointegration), this created the foundation 
for titanium use in medical implantology. Branemark presented the use of titanium dental 
implants in the 1960s. Other surgical procedures were also adapted with prosthesis 
containing titanium in the maxilla and mandible, surprisingly after 10 years results showed 
97% clinical success (Jorge et al., 2012). Commercially pure titanium (CP-Ti) and the 
titanium alloy (Ti6AL4V) are best known for their uses in medical treatment. The 
composition of pure titanium consists of 99.5% titanium and the remaining 0.5.% consist 
of other interstitial elements such as iron, carbon, hydrogen and oxygen. Pure titanium is 
categorised into four grades regarding their oxygen content; grade 4 presents with 0.4% 
oxygen and grade 1 consists of 0.18% oxygen (Jorge et al., 2012; Saini et al., 2015). On 
the other hand, titanium alloys consist of other metallic elements such as aluminum and 
vanadium. Regarding dental implants Cp-Ti is considered to be more suitable for dental 
implants due to their limited mechanical properties. Cp-Ti is used for many dental 
applications such as implants, abutments, screws, crowns and overdentures (Elias et al., 
2008). Medical applications which require good mechanical properties favour the use of 
Ti6AL4V, this type of titanium is required for bone screws, hip, knee and skull implants 
but most commonly used for artificial hip joints (De Viter and Fuentes, 2013). 
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1.2.2.2 Biocompatibility of Titanium/Titanium alloys  
 
A primary factor of successful dental treatment is the materials biological 
properties. It is understood that materials must be harmless to the patient and the 
individuals involved during handling and manufacture. Essentially materials placed within 
a patient’s body must be non-irritant, non-toxic and have no allergic or carcinogenic 
effects (McCabe and Walls, 2008). The term biocompatible is used when a biomaterial is 
implanted within the body which replaces the function and structure of body tissues 
without causing any short-term or long-term side effects e.g. allergic responses (Savin et 
al., 2017). Titanium is considered the most biocompatible metallic element available. 
Although, it is understood that the medically used titanium alloy Ti6Al4V has been linked 
with potential toxic effects due to the release of aluminum and vanadium ions (Elias et 
al., 2008). Over the past 50 years many institutes have examined titanium as a 
biomaterial, various studies state the biocompatibility of titanium is associated with the 
materials oxide layer. Low electrical conductivity of titanium enables electrochemical 
oxidation which contributes to the material’s oxide film. The oxide layer is retained at the 
human body’s pH values as titanium has a valuable isoelectric point of 5-6 (Sidambe, 
2014). Many metals are subject to corrosion when implanted within the body as bodily 
fluids have a tendency to be aggressive due to the presence of chloride ions and proteins. 
Chemical reactions may arise located on the metals surface therefore affecting the 
materials biocompatibility. Cp-Ti is recognised as the most biocompatible metal present 
due to its purity and excellent corrosion resistance, its formation of the inert oxide film 
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separates the metal from the body’s environment. The oxide film on Cp-Ti is thicker than 
other forms of titanium therefore protecting the metal from chloride ions and proteins 
within the body hence its popularity in dentistry (De Viter and Fuentes, 2013). 
1.2.2.3 Osseointegration of Titanium 
 
One of the main factors that influence the long-term success of dental and 
orthopaedic implants is osseointegration. Osseointegration is defined as the healing 
process when the living bone and surface of a load carrying implant material successfully 
attach (Figure 1.2.2.3.1). In regards to dental implants the alveolar bone and implant 
design must interlock to successfully integrate. Many factors influence the process of 
osseointegration such as the biocompatibility of the implant material, the design and 
microstructure of the materials surface, the status of the implant bed (bone quality) and 
the phase of healing (Parithimarkalaignan and Padmanabhan, 2013). Titanium was the 
first implant material to be associated with successful osseointegration hence its 
popularity in medical procedures. The union between implant and bone is managed by 
the surface properties of titanium. Many in vitro studies have found rough implant surfaces 
have influenced cell behaviour and bone apposition compared to smooth implant 
surfaces. Furthermore, titanium cannot directly bond to bone therefore methods such as 
modifying the materials surface increases the osseointegration process. Regarding 
titanium’s surface characteristics many factors influence the strength and speed of 
osseointegration such as surface chemistry, topography, crystal structure, roughness and 
thickness of the oxide layer (Anil et al., 2011). The main route to enhancing titanium and 
bone interlocking is utilising the various surface roughening treatments. These treatments 
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rapidity assist osseointegration and limit bacterial colonisation. The addition of surface 
treatments for titanium range from different types of physical or chemical agents, these 
consist of ceramic, glass and sand blasting, emersion in acids or alkalises (wet etching), 
anodising, exposure to laser radiation and exposure to cold plasmas (plasma etching) 
(Mandracci et al., 2016).      
 
Figure 1.2.2.3.1. The titanium and living bone interface, the oxide layer on titanium is 
covered by thin layers of titanium peroxy compounds which are attached to the living bone 
(Branemark et al., 2001). 
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1.2.2.4 Mechanical properties of Titanium/Titanium alloys 
 
The selection of materials for implant applications is based upon specific 
requirements, the mechanical properties of a material has an influence on function and 
stability of the implant. The mechanical properties considered during implant design and 
manufacture are; modulus of elasticity, the implant must be compatible with bone and (18 
Gpa) is required to ensure the implant distributes stress to enable stability at the bone 
interface. The implant must have sufficient compressive, tensile and shear strength which 
ensures the resistance to fracture under mechanical stress. These properties aid the 
stress transfer between implant material and bone. Essentially the implant materials 
should have high fatigue and yield strength to prevent wear and fracture under cyclic 
loading. The ductility of an implant material must be a minimum 8%. Ductility is an 
important factor as implants vary in size, shape and contour. The toughness and 
hardness are other factors required for an implant to limit wear behaviour and premature 
fracture (Saini et al., 2015). The use of titanium alloys such as Ti6Al4V has been popular 
in medical appliances, the use of other elements such as aluminium and vanadium are 
used to enhance the alloys properties. (6%) aluminium is added for additional strength 
whereas the addition of (4%) vanadium acts as a scavenger to prevent aluminium 
corrosion. Ti6Al4V is one of the strongest forms of titanium providing a modulus of 113 
(Gpa), an ultimate strength of 930 (MPa), a yield strength of 860 (MPa) and an elongation 
rating of 10% however, this alloy has questionable biocompatibility. On the other hand, 
Cp-Ti consist of four grades which have excellent biocompatibility although they lack 
strength compared to titanium alloys. Each grade of Cp-Ti vary regarding their mechanical 
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properties (Table 1.2.2.4.1). Grade 1; ultimate strength of 240 (MPa), a yield strength of 
170 (Mpa) and an elongation rating of 25%. Grade 4; ultimate strength of 550 (MPa), a 
yield strength of 483 (MPa) and an elongation rating of 15% which clarifies higher grade 
Cp-Ti is stronger that low grade Cp-Ti however, low grade Cp-Ti has a higher percentage 
of elongation. (Saini et al., 2015; Osman and Swain, 2015).    
                      
(Osman and Swain, 2015).               
 
          
                                      
 
Table 1.2.2.4.1. The Mechanical properties of Cp-Ti and Ti-6Al-4V 














Type of alloy 
Cp-Ti grade 
1 
102 240 170 24 4.5 A 
Cp-Ti grade 
2 
102 345 275 20 4.5 A 
Cp-Ti grade 
3 
102 450 380 18 4.5 A 
Cp-Ti grade 
4 
104 550 483 15 4.5 A 
Ti-6Al-4V 113 930 860 10 4.4 a+b 
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1.2.2.5 Titanium as a dental implant 
 
Titanium has been used in dentistry since the mid-1960s for implants, abutments, 
screws, crowns and overdentures (Elias et al., 2008). Cp-Ti and Ti6Al4V are known best 
for their uses in implants and abutments due to their fatigue resistance and excellent 
biologic properties. In dental implantology there have been four fundamental implant 
designs which have been utilised to replace function and aesthetics. The four designs 
are; subperiosteal form, ramus frame, blade form and endosseous form. Although, in 
modern day dentistry endosseous form is the most popular design utilised in dental 
implantology. Endosseous designs are screw shaped which are inserted into the maxilla 
or mandible which replace the function of the tooth root, they are available in two shapes 
which are tapered and cylindrical (Srinivasan and Kumar, 2018). There are various factors 
which influence the success of endosseous implants such as implant size, shape, surface 
composition and the implants topographical features. In relation to endosseous implants 
there are 3 macro features which stimulate osseointegration these are; screw thread 
design, implant shape and the porous coated surface design (Figure 1.2.2.5.1). Screw 
thread design is essential during osseointegration, success of a dental implant is 
determined by the thread pitch, height and configuration e.g. v and square shaped 
(Gaviria et al., 2014). Dental implants are available in different diameters ranging from 
3.3mm-6mm and lengths raging from 6mm-16mm, the different forms of implants are 
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1.2.2.6 Processing methods of titanium implants  
 
There are various techniques which are utilised when manufacturing titanium 
medical applications. Titanium can be cast, although the metal must have special melting 
procedures, cooling cycles and investments to ensure no contamination occurs. The 
melting temperature of titanium is 1672°C which needs to be exceeded to ensure 
successful casting. However, titanium has limitations during casting. High chemical 
reactivity and gas absorption are common features during titanium casting (Jorge et al., 
2012). When exposed to high temperatures titanium readily reacts with gaseous elements 
such as oxygen, nitrogen and hydrogen usually over 600°C. Titanium handled at extreme 
temperatures must be well controlled under a vacuum source or an inert atmosphere. The 
 
Figure 1.2.2.5.1. Seven different types of titanium implant designs with size, shape 
and thread design variations (Elias et al., 2008). 
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inability to control titanium at elevated temperatures causes excessive oxide formation, 
the thickness of the oxide layers reduces the ductility, strength and influences crack 
propagation. Furthermore, the metals low density may cause complications during 
injection and must require special care during the casting procedure hence the difficulty 
utilising the conventional lost-wax technique (Jorge et al., 2012; Sakaguchi et al., 2012). 
Recently three-dimensional (3-D) printing has become popular in dentistry and 
maxillofacial surgery. 3-D printing or additive manufacturing is the process used to 
manufacture three-dimensional objects from a digital database. 3-D printing is achieved 
by the additive process of layering materials until the final product is complete (Figure 
1.2.2.6.1) (Sing et al., 2015). Presently there are two main techniques when 
manufacturing titanium medical applications; metal powder bed manufacturing, these two 
methods are called laser beam selective laser melting (SLM) and electronic beam melting 
(EBM). It is acknowledged both of these techniques have their advantages and 
disadvantages. SLM is able to manufacture thinner and sharper elements in comparison 
to EBM technology. SLM technology delivers better surface characteristics hence its 
popularity in dental implants. On the other hand, EBM manufactures applications with 
smaller residual stresses and ensures lower gas contamination in the finalised product. 
EBM is commonly used in orthopedic implantology due to the increased mechanical 
properties of materials (Popov et al., 2018).      
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Figure 1.2.2.6.1. Images showing a CT scan of a patient requiring reconstructive 
jaw surgery. Computer aided design and the assistance of 3D printing technology 





Student Number: 1705112                                         Date of Submission: 08/05/2020 
 
     
17 
 
1.3 Ceramics  
 
Dental ceramics are chemically inert biomaterials which are used to fabricate 
prosthetic dental appliances, these restorative materials are used to replace missing or 
damaged dentition caused by disease or trauma. Ceramics are brittle materials and 
deliver high compressive strength however, they have low tensile strength and may 
fracture under low strain (0.1, 0.2%). Ceramics offer many advantages as they mimic 
natural dentition and they have compatible aesthetic and mechanical properties 
compared to natural dentition. Ceramics also display many disadvantages as they are 
limited to withstand occlusal forces within the oral cavity, initially they are limited to 
posterior applications. Although, the development of these materials has enabled their 
use for long span posterior bridges and fixed partial dentures (Shenoy and Shenoy, 
2010). Ceramics are manmade inorganic non-metallic materials which are processed at 
high temperatures to achieve the desirable properties, dental ceramics compose of 3 raw 
elements: kaolin (hydrated aluminosilicate), quartz (silica) and feldspar which is a mixture 
of potassium and sodium aluminosilicates. Ceramics can be divided into two categories 
low fusing and high fusing ceramics. Low fusing ceramics fuse in the range of 850-1100 
C° and high fusing ceramics fuse in the range of 1300-1400 C° (McCabe and Walls, 
2008). All Ceramic based materials can be classified according to their fabrication method 
and microstructure. Fabrication methods consist of soft machined, hard machined, slip-
cast, heat pressed, platinum foil technique and conventional sintering (Sakaguchi et al., 
2012). Dental ceramics microstructures can be classified by their composition which is 
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defined as their glass to crystalline ratio. Various ceramics differ in regards to their 
microstructure, this allows them to be broken down into four compositional categories;  
1. Composition one, this category includes glass-based systems which are 
mainly silica. 
2. Composition two, this category includes glass-based systems which are 
mainly silica, crystalline fillers are added. This typically applies to leucite 
glass ceramics and most recently lithium disilicate.  
3. Composition three, crystalline based systems with glass fillers which is 
classified as alumina ceramics. 
4. Composition four, polycrystalline structures which are classified as 
alumina and zirconia (Shenoy and Shenoy, 2010). 
Dental ceramics are multiphasic materials which consist of crystalline and glassy phases. 
The glassy phase has similar characteristics and properties to glass such as brittleness 
and translucency. The crystalline phase contributes to the strength properties of the 
ceramic. The addition of crystal content can alter the optical properties of the ceramic by 
improving scattered light and increase opacity, it also helps with colour adaption within 
the glassy phase to match the optical properties of enamel and dentine. In the crystalline 
phase additional crystals can increase the mechanical strength of the ceramic and 
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1.3.1 Alumina  
 
One of the first strongest ceramics available in dentistry is a glass infiltrated 
alumina which is a polycrystalline solid. Alumina also referred to as aluminum oxide was 
first introduced in dentistry in the 1970s although, early clinical failure rates of 13% has 
limited the material excelling. Not until the 1980s a new regenerated alumina was 
introduced offering much better density and smaller grain size, the second generation of 
alumina decreased the failure rate to 5% (Al-Sanabani et al., 2014). Presently a third 
generation is available which offers full density, high purity and a great microstructure 
with enhanced mechanical properties; the material hardness is 2200 Vickers, the flexural 
strength is 500 MPa and the compressive strength is 4100 MPa. However, the ceramic 
has a major downfall which creates many limitations for its uses in dental applications. 
Alumina is low in fracture strength and toughness causing the material to fracture under 
mechanical loading. Methods such as microstructural refinement can enhance the 
materials mechanical properties. Increasing the fracture toughness of monolithic alumina 
is achieved by managing the materials microstructure e.g. elongated grains and high ratio 
gains. Small grain sizes less than 4µm and narrow distribution of grains enhance the 
fracture resistance of alumina. Alumina has been used in various disciplines in dentistry, 
it has been used for orthodontic brackets, crowns, bridges, abutments and dental 
implants. Most recently alumina has been withdrawn from dental implant usage, some 
investigators reported alumina consistently fractured prematurely due to cyclic loading 
and they also reported insufficient osseointegration hence its removal from dental 
implantology (Al-Sanabani et al., 2014).  
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1.3.2 Zirconia  
 
Zirconium dioxide also known as zirconia is the white crystalline oxide of zirconium 
which is highly resistant to corrosion and has a high thermal stability. In nature 96.5%-
98.5% levels of zirconia are found in the natural mineral baddeleyite (Volpato et al., 2011). 
Zirconia (ZrO2) reinforced materials are believed to be one of the strongest tooth coloured 
substructures available in the dental industry. Zirconia is a polymorphic material, this 
polycrystalline ceramic is characterised regarding the material’s atom arrangement, this 
involves three crystallographic forms which are monoclinic, tetragonal and cubic (Figure 
1.3.2.1). The monoclinic phase of zirconia is presented at room temperature up until 1170 
C°, within this phase zirconia is a relatively weak material. When the temperature of 
zirconia is increased to 1170 C°- 2370 C° the ceramic undergoes a tetragonal phase 
change. Moreover, when the temperature of zirconia is increased to 2370 C°- 2680 C° 
the material delivers a cubic structure. Throughout these three phases zirconia undergoes 
volumetric changes of approximately 3-5%. Volumetric changes within the materials 
structure induces high internal stresses, this causes crack formation within the materials 
microstructure (Mihai et al., 2014). The addition of yttrium oxide stabilises the materials 
structure in the tetragonal phase at room temperature. The tetragonal structure of zirconia 
displays an important factor which assists the material’s mechanical properties, this is 
called the transformation toughening mechanism. This mechanism improves the 
materials fracture toughness and tensile strength ensuring the material is suitable for 
clinical use (Shillingburg et al., 2012; Sakaguchi et al., 2012).        
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Figure 1.3.2.1. (A) The crystal structure of monoclinic zirconia, (B) tetragonal 
zirconia and (C) cubic zirconia (Volpato et al., 2011). 
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1.3.2.1 History of clinical use   
 
Successful dental applications rely on many factors such as biocompatibility, 
aesthetics and function. Due to the rising concerns with certain alloys causing allergic 
and toxic reactions, clinicians have been searching for metal free dental restorations 
which offer clinical success. Moreover, the development of high-performance ceramics 
such as zirconia has been an attribute to modern day dentistry providing excellent 
mechanical properties, brilliant biocompatibility and optical properties which replicate 
natural dentition (Madfa et al., 2014). Zirconia first came to light in dentistry in the 1990s 
for the manufacture of root canal posts, it has been used for prosthetic abutments and 
most recently dental implants. Presently zirconia is clinically known for its excellence in 
fixed prosthetics used for manufacturing applications such as crowns and bridges. In 
regards to the appliance selection the use of zirconia has been developed to replace 
porcelain fused to metal (PFM) restorations. Moreover, compared to PFM restorations 
zirconia has better aesthetics and eliminates any black lines visible at the gingival margin 
caused by traditional PFM restorations (Nistor et al., 2019). Zirconia’s optical properties 
can also be modified, the zirconia substructure can be veneered with feldspathic porcelain 
to enhance the desired aesthetics in the anterior region (Hamza and Sherif, 2017). 
Zirconia has been acknowledged as a very successful biomaterial in present dentistry, a 
study in 2015 reported zirconia is the most prescribed material for posterior single unit 
crowns (Kwon et al., 2018).    
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1.3.2.2 Biocompatibility of Zirconia  
 
Over multiple years many examinations have been conducted testing the 
biocompatibility of zirconia. This involved in vitro testing on animal cells, these tests were 
examined using cell cultures which consisted of blood cells, osteoblast and fibroblast 
cells. Garvie et al. (1984) conducted an experiment which consisted of stabilised zirconia 
being implanted into the paraspinal muscles of rabbits. During the course of the 
examination there was no adverse reactions reported within the rabbit’s soft tissue stating 
the materials biocompatibility (Abd El-Ghany and Sherief, 2016). Previously, many in vivo 
experiments have been conducted on various animals ranging from dogs, rats and 
monkeys. Within hard tissue it appeared zirconia had great bone tolerance and no 
adverse reactions were recorded; zirconia-based ceramics are chemically inert which 
assists good cell adhesion. The use of zirconia in medical applications has never caused 
cytotoxity, mutagenicity and carcinogenicity effects hence its popularity. Zirconia has 
been reported to have low bacterial adhesion which is due to its excellent surface 
characteristics which restricts bacterial colonisation, reports have stated this is also due 
to zirconia’s electrical conductivity (Volpato et al., 2011; Harianawala et al., 2016). The 
metal free biomaterial displays good biocompatibility due to its high resistance to 
corrosion and when exposed to saliva, temperature variation and other oral environmental 
factors it does not and cause any soft or hard tissue reactions.   
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1.3.2.3 Osseointegration of Zirconia  
 
Due to the grey impingement titanium dental implants can create, the use of 
zirconia has been a popular alternative due to the white hue it displays. Although, the 
osseointegration of the dental implant is one of the key factors of clinical success. Zirconia 
has been used in various implant procedures stating its clinical acceptability. Bone 
apposition occurs on various types of implant materials and it is the implants surface 
roughness which enhances osseointegration. Various studies have tested 
osseointegration in animals, these studies have stated that zirconia successfully heals 
within bone under both loaded and unloaded conditions which is primarily down to the 
materials surface topography. The surface roughness of zirconia has been proven to 
create greater bone apposition and enable quicker healing time (Depprich et al., 2008). 
Although, other studies have stated the high hardness of zirconia provides difficulty 
modifying the surface hence the use of laser treatments to enhance surface roughness 
and osseointegration (Apratim et al., 2015). Moreover, zirconia can also be used as a 
surface treatment for titanium. The process of sandblasting with zirconia particles is used 
to coat the surface of titanium implants to enhance surface roughness and successful 
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1.3.2.4 Mechanical properties of Zirconia  
 
High performance ceramics such as zirconia have great biological properties but 
most importantly excellent mechanical properties which are required during functional 
loading within the oral cavity. Zirconia has successfully replaced alumina-based ceramics 
in dental implants especially due to its favourable mechanical properties. It is believed 
that zirconia has similar mechanical properties to stainless steel (Saridag et al., 2013). 
Zirconia is used primarily in fixed prosthodontic restorations such as crowns and bridges, 
it is also gaining popularity with usage in endodontic posts and implant abutments. The 
mechanical properties of zirconia are; the materials hardness is 1200 HV, the 
compressive strength is 2000 MPa, the fracture toughness is 7-10 MPa, the materials 
modulus of elasticity is 210 GPa and the flexural strength is 900-1200 MPa (Madfa et al., 
2014). Flexural strength is defined as the ability of a material to withstand stress (flexing) 
without fracturing or deforming. Flexural strength testing is important in dental materials 
as this process can be used to identify the fragility of materials (Volpato et al., 2011). The 
high flexural strength of zirconia identifies the materials performance under mechanical 
stress. However, a recent study stated cyclic loading decreased the flexural strength in 
zirconia implants which potentially effects the longevity of the ceramic. One of the major 
disadvantages of zirconia is the materials surface characteristics. Surface flaws can 
influence crack propagation on the materials surface this has initiated premature fracture 
in zirconia (Figure 1.3.2.4.1). Another disadvantage of zirconia is that it ages primarily 
due to manufacture default or environmental factors such as the exposure to moisture, 
bodily fluids and occlusal stress (Özkurt and Kazazoğlu, 2011; Madfa et al., 2014).  
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      Figure 1.3.2.4.1. Zirconia’s surface, displaying grain size and crack propagation 
(Madfa et al., 2014).   
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1.3.2.5 Transformation toughening mechanism of Zirconia  
 
In regards to zirconia’s mechanical properties the mechanism which is used to 
enhance the materials strength is called transformation toughening, this feature of 
zirconia is used to resist crack propagation. During the tetragonal phase of zirconia, the 
addition of yttrium oxide assists the stabilisation of the ceramic. Furthermore, it is the 
stabilised zirconia which displays enhanced mechanical properties such as fracture 
toughness and high tensile strength. Transformation toughening of zirconia is initiated 
during microcrack development caused by tensile stresses within the tetragonal phase 
which transforms the materials phase to monoclinic (Figure 1.3.2.5.1). As mentioned 
earlier the volumetric changes of zirconia’s structure alters during the tetragonal and 
monoclinic phases, the compressive stresses at the crack tip halt further cracking. During 
the phase changing of the tetragonal particles to monoclinic particles, the increase in 
volume exerts a closing force on the advancing crack therefore assisting the material 
against fracture. Zirconia is acknowledged as ceramic steel due to the comparative 
characteristics it displays with steel after straining or changing dimension. After 
transformation toughening zirconia’s response to stress displays its superior mechanical 
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Figure 1.3.2.5.1. Resistance to crack propagation during transformation toughening 
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1.3.2.6 Aesthetics of Zirconia  
 
Aesthetics is defined as the philosophy of taste and beauty concerning the nature 
of art which is pleasing to senses such as sight (Marković, 2012). Dental ceramics are 
known in dentistry due to their excellent optical features and their versatility matching a 
variety of shades, opacities and translucency’s. However, restoring anterior aesthetics 
can be a difficult process, during the manufacture of a custom-made dental device many 
factors must be considered regarding the optical properties of the prosthetic material; the 
opalescence, fluorescence and translucency all have an impact on the visual outcome. 
Fully contoured zirconia is a relatively opaque material which is perhaps a weakness in 
some cases which require translucency. However, the benefits of advancing technology 
have enabled various forms of zirconia displaying upgraded translucency. The ability to 
closely match dentition has become an attribute to the clinical success of zirconia hence 
its popularity in dentistry. Translucency is the light source passing through the material 
with a scattering effect, translucency can be achieved by controlling the reflection, 
absorption and the transition of light through the object (Nistor et al., 2019). The visual 
interpretation of zirconia is determined by two factors (Figure 1.3.2.6.1). Intrinsic factors 
are managed by the material’s microstructure e.g. the material’s grain boundaries and 
pores which impact the translucency and opacity of zirconia. Extrinsic factors such as the 
material’s thickness, surface characteristics, light source and low temperature 
degradation also impact the optical properties of zirconia (Shahmiri et al., 2018). Aesthetic 
demands for dental implants are of up most importance, the colour of zirconia enables 
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easy masking of the abutment and substructure, the use of zirconia ensures no 
discolouration within the gingival tissues (Gomes and Montero, 2011). 
 
 
Figure 1.3.2.6.1 The intrinsic and extrinsic factors that influence the aesthetics of zirconia 
(Shahmiri et al., 2018).  
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1.3.2.7 Zirconia as an implant  
 
During 1975 a British physicist called Ron Garvie developed a new form of zirconia 
which enhanced the materials physical properties, the research he discovered stabilised 
zirconia in the tetragonal phase with the addition of 5.5% yttrium oxide. Since then 
zirconia has been a popular material in various industries due to the excellent mechanical 
properties raging from high strength, low thermal conductivity and high fracture 
toughness. Zirconia has been used for cutting instruments, valves, seals, refractory and 
electronic applications (Cristache et al., 2011). Zirconia was first used as a medical 
implant in 1969, when it was implanted into a monkey’s femur for testing. Due to its 
excellent tissue response stating its biological properties, Helmer and Driskell. (1969) 
proposed the use of zirconia for femoral heads for total hip replacements as a substitute 
to titanium and alumina. Zirconia has successfully replaced alumina regarding 
orthopaedic implants due to zirconia having much better fracture toughness and wear 
resistance. Most importantly zirconia has demonstrated the ability to replicate hard tissue 
and avoid adverse tissue reactions. Presently zirconia has advanced in the medical sector 
due to its favourable properties and it is currently being used for medical scaffolds and 
various dental appliances (Tosiriwatanapong and Singhatanadgit, 2018). Zirconia is 
primarily used as one-piece dental implants. However, these systems present many 
limitations. One-piece implants limit prosthodontic requirements e.g. the angulation of the 
abutment is limited due to the one-piece design. These types of implants limit modification 
e.g. shape alterations must be avoided as grinding the implants affects the fracture 
strength of zirconia (Cionca et al., 2017). 
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1.3.2.8 Processing methods of Zirconia  
 
Zirconia substructures are processed by computer aided design computer aided 
manufacture (CAD/CAM). There are many variations in designing systems within CAD 
although regarding CAM there are two common manufacturing methods for zirconia 
restorations. The first method is milling zirconia from a fully sintered block, this involves 
no shrinkage of the final substructure. However, the milling of fully sintered zirconia can 
create many limitations such as excessive wear of the milling instruments. Furthermore, 
milling fully sintered zirconia can also create defects in the materials structure which 
impacts the mechanical properties. On the other hand, the most effective manufacturing 
method of zirconia is milling presintered blocks, zirconia is presented much weaker in this 
stage which allows ease of milling. Once sintered the substructure engages full 
mechanical properties although, the challenge of milling presintered zirconia is the 
material shrinkage of 20-25%. This must be compensated for during the designing 
process to ensure accuracy of the finalised restoration (Shillingburg et al., 2012; Bona et 
al., 2015). The use of CAD/CAM technology has many advantages such as high precision 
and accuracy during manufacture, it also enables high batch production and less usage 
of materials. The digital system can be utilised as an effective communication tool 
between the dental technician and clinician, this also reduces less chairside time for the 
patient throughout treatment (Susic et al., 2017).          
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1.4 Clinical success rates of zirconia and titanium implant and dental abutments   
 
In the discipline of dental implantology there are two biomaterials which are 
popularly selected for clinical use. Regarding dental implants and abutments titanium and 
zirconia are believed to be the two best materials to date for these applications. Many 
clinicians across the world have various opinions stating which material is the most 
favourable for dental implants. Titanium has been used in implantology for many decades 
and has been a reliable material in regards to its biological properties displaying great 
tissue and bone tolerance. Another key factor for the use of titanium applications is the 
longevity of the biomaterial as titanium implants are reported to last longer than 30 years 
(Murphy, 2020). It is stated titanium is the gold standard for dental implants due to their 
clinical success rates and immense popularity (AL‐Rabab'ah et al., 2017). Titanium has 
been used in dental implants for over 50 years due to its excellent mechanical properties 
however, a report identified potential toxicity as Sakellariou. (2015) stated titanium caused 
spinal infection after an implantation (Siddiqi et al., 2016). Furthermore, another study 
conducted allergen tests in Spain and It is believed 0.6% of patients are allergic to titanium 
implantations (Sicilia et al., 2008). Another study reported 2.3% of patients showed 
hypersensitivity to titanium after implantation (Campbell et al., 2014). Patients who have 
reported symptoms of sensitivity to metals such as cobalt, nickel and aluminium have also 
been sensitive to titanium primarily due to the release of metal ions (Siddiqi et al., 2016). 
Although titanium sensitivity is rare a more vigilant approach must be adapted and an 
alternative biomaterial is selected to meet the health requirements of the patient hence 
the use of zirconia. Aesthetics can be impacted in the anterior region as titanium 
abutments visualise a dark greyish colour. Zirconia has been acknowledged as a possible 
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alternative to titanium as zirconia delivers great aesthetics due to its white opaque nature 
and its variety of shades to mimic natural dentition. The majority of zirconia implants are 
one-piece implants located in the anterior region due to their optical properties (Özkurt 
and Kazazoğlu, 2011). Zirconia also offers great biological properties; the biomaterial has 
great tissue and bone tolerance, it is chemically inert and does not cause any cytotoxic 
effects (Harianawala et al., 2016). Furthermore, osseointegration of zirconia implants is 
reported to be very good with various in vivo animal studies stating osteoblastic activity 
and cell proliferation was similar to titanium implants (Osman and Swain, 2015). However, 
there are many studies reporting dissimilar results of titanium and zirconia implants in 
relation to their bone to implant contact (BIC) and torque values. Many clinicians believe 
titanium will be eventually replaced by zirconia. However, zirconia dental implants have 
only been used since 2007 in the USA. The short clinical usage of zirconia provides 
limitations, questionable longevity and lack of long-term success evidences why titanium 
is still currently used in dental implantations (Sivaraman et al., 2018). Another 
disadvantage of using zirconia is the materials behaviour during mechanical loading. The 
ceramic is less resistant and susceptible to fracture. Factors such as low elasticity, low 
shear and tensile strength and surface flaws can all impact zirconia’s fracture rates 
(Özkurt and Kazazoğlu, 2011). Foong et al. (2013) conducted an experiment on the 
fracture resistance of both titanium and zirconia Implant abutments. The results 
concluded that titanium was significantly more fracture resistant compared to zirconia. 
The current literature on both titanium and zirconia dental implantations is inconsistent in 
regards to their clinical success. Furthermore, it hasn’t been concluded which biomaterial 
is best for this discipline of dentistry. Due to the significant gap in the literature, this project 
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will critically analyse, evaluate and compare both biomaterials in relation to their material 
properties and clinical success rates. 
1.5 Aim and research hypothesis   
 
This study will aim to find which material is best for dental implants in the anterior 
region. The objective of this report is to critically analyse titanium and zirconia in relation 
to their material properties and clinical success rates. Both materials will be evaluated 
and compared regarding their biocompatibility, their success of osseointegration, their 
mechanical properties and the aesthetics of each material during function. 
The research hypothesis of this study is that titanium dental implants have higher 
clinical success rates in comparison to zirconia dental implants and titanium is considered 
the best choice for anterior implant restoration. 
2.0 Materials and methods   
 
2.1 Electronic databases and keywords 
 
During this study there were various search engines used to retrieve data, these 
were Discover @ Bolton, PubMed, Science direct and MDPI. Throughout the searches 
the major keywords used were ‘dental implants’, ‘titanium implants’, ‘zirconia dental 
implants’, ‘abutments’, ‘biocompatibility’, ‘aesthetics’, ‘osseointegration’ and ‘mechanical 
properties of zirconia and titanium’ (Table 2.1.1).                                                      
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Table 2.1.1. Databases, Keywords and articles retrieved  
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Table 2.1.1.1. Inclusion and exclusion criteria for online journals  
Inclusion criteria for journal sources  Exclusion criteria for journal sources 
 
• Journal articles that were published 
from 1995-2020 
• Full text only (open access)  
• Advance search (Title only) 
• Articles that are published in English 
language 
• Literature and systematic reviews 
• Meta-analysis   
• Review, research and case study 
articles  
• Quantitative and Qualitative research 
(triangulation) 
• Experimental clinical trials including in 
vivo animal and human tests  
• Relation to dental implantology  
• Only Cp-Ti and Ti-6Al-4V included 
• Only zirconia dental implants (one 
and two piece)  
• Dental implant survival and success 
rates 





• Articles that are not published in 
English 
• Journal articles published before 1995 
• Journal access fees 
• Journal articles with less than 15 
references 
• Irrelevant topic information after 
evaluating the title and abstract 
• Titanium uses in other industries e.g. 
aerospace and sport 
• Titanium alloys such as Ti-6Al-4V- 
ELI, Ti-6Al-7Nb and Ti-5Al-2.5Fe 
• High performance polymers for dental 
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2.1.2 Illustration of Major searches 
 




























319 Articles retrieved: 
full text online with 
advanced search 




reading the title  
16 Article abstracts 
read after exclusion 
criteria of the title 
5 Articles retrieved 
after inclusion and 
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Implant dentistry  
268 Articles 






reading the title 
 4 Articles retrieved 
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criteria of the title 
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3.0 Results  
 
3.1 Evaluation of report results  
 
Throughout this comparison-based study there were 43 separate searches which 
were conducted to receive a total of 70 online journal sources. Online articles that were 
retrieved were full text and advanced search was used by submitting “Title only” as this 
ensured relatively low results and terminated irrelevant articles. There was a total of 2131 
retrieved during this study although after title exclusion many were terminated. There was 
a total of 288 abstracts read throughout this research however, the use of exclusion 
criteria helped relegate a total of 216 journal articles. The use of inclusion criteria helped 
retrieve a total of 70 journal articles. Furthermore, there were an additional 8 manual 
sources used which consisted of journals and books. A total of 78 sources were used to 
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3.1.1 Major sources used  
  
Table 3.1.1.1 Major journal articles   
Major journal articles used for this comparison-based study 
Title  Authors Journal type Publication 
year   
Major conclusions  
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Sheep Model: 




































































Regarding in vitro and in 
vivo studies zirconia is 
acknowledged as an 
alternative biomaterial to 




Zirconia is earning its 
place as becoming a 
valuable alternative to 
titanium, it has low plaque 
adhesion and good soft 
tissue reaction. This may 
lower the risk of peri-
implant disease however, 
zirconia implants failure 
rate is much higher than 
titanium. 
Titanium and zirconia have 
similar bone to implant 
contact during 
osseointegration although 
further clinical studies are 
required to test zirconia 
under loading conditions 
due to early fracture rates. 
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The survival rate of 
zirconia implants over 12-
56 months is 74%–98%. 
Titanium implant failure 
ranged from 0-6%-2.3% 
however, titanium implants 
have been linked with 
metal ion release which 
has been associated with 
causing hyposensitivity 
reactions.  
Zirconia dental implants 
can be a possible metal 
free alternative compared 
to titanium. Although, long 
term success of zirconia is 
lacking evidence.  
 
Osseointegration of 
titanium and zirconia is 
very similar although, 
titanium had higher 
removal torque values. 
Titanium implants are 
reported to have higher 
fracture strength and 
resistance. 
 
Zirconia dental implants 
and abutments have 
excellent aesthetic 
characteristics due to their 
ability to resemble natural 
dentition however, zirconia 
ages which may affect its 
long-term reliability in 
dental implants. 
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Zirconia has better 
biological properties in 
comparison to titanium. 
Titanium has caused 
allergic reactions ranging 
from severe inflammation, 
dermatitis and eczema. 
Toxic effects have been 
associated with the release 
of aluminium and 
vanadium ions from the 
Ti6Al4V alloy. 
 
The high surface hardness 
of zirconia effects the 
surface topography of the 
material although, various 
surface modifications of 
zirconia have displayed 
similar results to titanium 
regarding cell proliferation, 
cell adhesion and bone to 
implant contact. 
 
The properties of zirconia 
make it a suitable 
alternative to titanium. It 
has good biocompatibility, 
osseointegration and 
optical properties however 
the ceramic lacks long 
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Titanium has great 
mechanical properties 
hence why they have high 
survival rates in dental 
implants however, 9 out of 
1500 people had 
hypersensitivity to the 
material (0.6%), although 





Titanium has been the 
most used dental implant 
material for many decades 
although aesthetic issues 
have arisen due to the 
metal’s greyish hue. On 
the other hand, zirconia 
has great aesthetic 
characteristics, excellent 
mechanical and biological 
properties which suggest it 
may be a possible 
alternative to titanium 
implants.  
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4.0 Discussion  
 
The research hypothesis was rejected as it is difficult to confirm which is the best 
dental implant material for the anterior region. Every patient case is unique and requires 
different attention dependent on their treatment needs and there are various factors to 
consider which may influence the clinical success of each implant restoration. 
4.1 Biocompatibility   
 
Titanium is used in implant applications due to its great biological properties; its 
low electric conductivity and its formation of the thin oxide layer contribute to its high 
biocompatibility. There are many factors which determine the biocompatibility of a 
biomaterial such as cell adhesion, bacterial adhesion and tissue reactions (Hanawa, 
2019). Many authors state titanium has great biocompatibility although others have found 
titanium to be problematic. Inflammation at the peri-implant mucosa has been associated 
with titanium implants. The primary factor of this occurring is the high bacterial adhesion 
to titanium which causes irritation and inflammation of the gingival tissues which may also 
lead to peri-implantitis. Studies have confirmed that bacteria accumulation is less 
prevalent in zirconia implants compared to titanium. It is reported that zirconia poses a 
minute risk of inflammation and infection primarily due to zirconia’s surface wettability and 
low surface free energy which reduces bacterial adhesion to the material’s surface 
(Cionca et al., 2017). In another study an experiment was conducted on gingival tissue, 
both zirconia and titanium specimens were tested on five patients. The results of the 
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experiment displayed one patient with a prominent inflammatory reaction to the titanium 
specimen, the patient presented with severe ulceration of the mucosa whereas no 
inflammatory reactions were found in patients with zirconia specimens (Cionca et al., 
2017). Traces of metal elements are found in the human body partially due to food and 
water consumption. Regarding metal implantations, the release of metal ions is not 
uncommon as applications such as metal bone plates, artificial joints and screws have 
been reported to release metal ions. A large amount of metal ions can pose a threat to 
human health, as they have been associated with allergic responses and carcinoma 
(Hanawa, 2004). Within the oral cavity titanium dental implants and abutments are 
exposed to various environmental factors which may affect metal ion release. Dietary 
intake, temperature variation and the pH rate of saliva which contain traces of sodium, 
chloride and potassium can all affect the corrosion rate of metals. Titanium resists well to 
corrosion, however studies have reported the materials’ reaction to soft tissue causing 
physiologic changes within the peri implant mucosa. The oxide layer of titanium 
contributes to its biological properties however, titanium is not inert to corrosive attack. If 
the thin oxide layer is removed and the oxide layer fails to reform on the implant surface 
titanium can be just as corrosive as various other base metal alloys (Chaturvedi, 2009). 
The titanium alloy Ti6AL4V has been used for dental implants and abutments for many 
years. However, vanadium and aluminium are the two elements within the alloy which 
have caused cytotoxic affects due to the release of metal ions. It is reported titanium 
allergic reactions in dental patients range from 0.6-2.3%. A study in Japan reported a 49-
year-old woman had severe hyposensitivity to Ti6AL4V dental implants, facial eczema 
and inflammation of the oral mucosa were two present reactions however, one week after 
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implant removal the patient’s eczema intensified. The author stated this was primarily 
caused by titanium debris after implant removal surgery (figure 4.1.1) (Sicilia et al., 2008; 
Campbell et al., 2014). High quantities of calcium and phosphorous have been reported 
on the oxide layer of titanium implants which confirms the exchange of metal ions. The 
release of ions has been linked with severe inflammation and pain of the oral mucosa, 
aseptic implant failure, secondary infection and bone resorption (Figure 4.1.2) (Noumbissi 
et al., 2019). It has been clarified in research papers that the inflammatory responses and 
bone resorption are more prominent with titanium particles in comparison to ceramic 
particles (Hoffman et al., 2012). 
Figure 4.1.1. (A) Facial eczema lasted two years after dental implant placement (B) one 
week after the eczema worsened after implant removal (C) 10 months after dental implant 
removal (Campbell et al., 2014). 
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Figure 4.1.2. Metal ion release creating inflammation of the soft tissue and alveolar 
bone resorption (Noumbissi et al., 2019). 
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Zirconia is becoming a popular alternative to titanium due to its excellent tissue 
tolerance. Various in vitro tests on osteoblasts, lymphocytes and fibroblasts have been 
conducted and it was observed that zirconia causes no cytotoxicity within these cells. 
Furthermore, biocompatibility tests have also been conducted using in vivo tests. The 
results found that once the zirconia implants were embedded into soft tissue it become 
encapsulated by a thin layer of fibrous tissue. Another study was conducted testing 
zirconia biocompatibility with hard tissue, this study consisted of zirconia being implanted 
into a monkey’s femur. There were no adverse reactions and it was found that zirconia 
had similar cell proliferation comparable to titanium implants (Apratim et al., 2015). 
Various in vivo and in vitro studies have confirmed zirconia’s excellent biocompatibility 
stating no mutagenic or cytotoxic responses on bone and fibroblasts once implanted. The 
use of titanium in medical procedures became popular due to the metal being bioinert. 
However, it has been reported that patients have had adverse side effects from the metal, 
in one study toxicity of the material has led to spinal infection after implantation (Siddiqi 
et al., 2016). Titanium hypersensitivity has been observed in many medical sectors 
including implants in arthroplasty and dental implantations due to the release of metal 
ions within the body. One fatality has also been reported when a patient had a severe 
allergic reaction to a titanium cranioplasty, although very rare it must be understood that 
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4.2 Osseointegration  
 
One of the main aspects that influences the success of a dental implant is 
osseointegration. Successful osseointegration can be measured by two factors; the level 
of bone to implant contact (BIC) and the removal torque value. There have been various 
in vivo animal studies which have tested osseointegration in titanium and zirconia 
implants. One study reported that the BIC ranged from 26-71% in zirconia implants 
whereas they reported the BIC in titanium ranged from 24-84%. The removal torque of 
zirconia implants ranged from 12-98 Ncm and the removal torque of titanium implants 
ranged from 42-74 Ncm. Other studies have also tested implants regarding BIC during 
the first four weeks of implantation, in Scarano et al. (2003) study they found the BIC of 
zirconia was 68.4% whereas in Dubruille et al. (1999) study they reported the BIC of 
titanium was 54% (Sivaraman et al., 2018). Another study was conducted on beagle dogs, 
identical dimensions of titanium and zirconia implants were implanted into extraction 
sockets. The results specified the BIC of both materials were very similar, titanium had 
56.5% BIC and zirconia had 57% BIC. However, the failure rates differed significantly as 
titanium had a low failure rate at 12% whereas zirconia had a failure rate at 44%. The 
main differences between these statistics is primarily due to the surface topography of 
zirconia. In the present literature of osseointegration it is understood that enhancing the 
BIC and increasing torque values is achieved by modifying the materials surface, 
roughening the implants surface influences the success rates of osseointegration (Cionca 
et al., 2017).  Surface roughening has been linked with the acceleration of bone apposition 
on the surface of the implant, this is achieved by utilising different physical or chemical 
agents on the implant surface. One of the disadvantages of zirconia is difficulty modifying 
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the surface due to high hardness (Apratim et al., 2015). There are many surface 
treatments which are utilised to enhance the surface topography of zirconia these include; 
sandblasting, laser etching and sintering particles to the smooth surface with the use of 
nano technology (Hoffman et al., 2012). Presently the use of laser technology has been 
used to engrave a three-dimensional pattern on the surface of zirconia, this technique 
has demonstrated increased osteoblastic activity compared to other surface treatments. 
Surface treatments used for titanium range from acid etching, anodisation and 
ceramic/sand blasting (Mandracci et al., 2016). 
There have been various studies testing zirconia and titanium in regards to 
successful osseointegration. These reports have compared each material’s surface 
treatments which are recorded by their BIC and torque values. Gahlert et al. (2007) stated 
that roughening zirconia’s surface by sandblasting achieved a higher stability in bone 
compared to machined surface implants. Schliephake et al. (2010) compared the bone 
formation on sandblasted zirconia and acid etched titanium. In this study they found the 
BIC and bone density were very similar in both implants. However, it was reported that 
the removal torque resistance was significantly higher in titanium compared to zirconia 
primarily due to the increased surface roughness of titanium. Another study examined the 
cell attachments and proliferation of osteoblastic cellular activity in both materials, their 
results found cellular responses and proliferation were very similar regarding various 
surface treatments of zirconia and sandblasted titanium (Osman and Swain, 2015). 
Another case report examined osseointegration in rabbits using four different types of 
surface treatments. These were zirconia with a sintered surface, a laser treated surface, 
a sand blasted surface and titanium with an acid etched surface (Figure 4.2.1). Removal 
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torque tests were utilised to measure the resistance of each implant, the results found 
that higher bone apposition occurred in zirconia implants with laser modified surfaces. 
However, removal torque values were reported to be higher in sintered zirconia and acid 
etched titanium compared to sandblasted zirconia over a 6-week period. Although, at the 
12-week period the only differences remained with sandblasted zirconia and acid etched 
titanium. It is believed that rabbits bone healing is two times faster than human bone 
healing, the study used 6-weeks and 12-weeks intervals to replicate approximate healing 
times for humans at 12 and 24 weeks (Hoffman et al., 2012). It is reported that defining 
osseointegration with BIC and torque value may be misleading as this doesn’t clarify the 
quality of the bone, the presence of inflammation or any foreign body reactions. 
Therefore, comparing osseointegration in various animal studies may display inconsistent 
results (Cionca et al., 2017). Another factor which impacts the success of 
osseointegration is the density of bone, it is reported habitual factors such as smoking 
has caused higher levels of bone loss in individuals. Smoking has been reported to affect 
osseointegration and has caused implant failure due to poor bone quality. Bain and Moy. 
(1993) conducted research on this matter and their results found implant failure occurred 
in 11.3% of smokers whereas the implant failure rate in non-smokers was 4.8%. Another 
study examined the rate of implant failure due to poor bone quality, they found 321 out of 
7680 implants failed due to smoking therefore smoking should be avoided during dental 
implant treatment (Kate et al., 2016).  
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Figure 4.2.1. (A) zirconia with a sintered surface, (B) zirconia with a laser 
treated surface, (C) zirconia with a sandblasted surface and (D) titanium with 
an acid etched surface (Hoffman et al., 2012).  
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4.3 Mechanical properties  
 
When comparing titanium and zirconia as dental implants their mechanical 
properties are important factors which influence their success rates. Yttria-stabilized 
zirconia is believed to be the strongest ceramic to date due to its favourable mechanical 
properties. Yttria-stabilized zirconia has a high surface hardness of 1200 HV, a flexural 
strength of 900-1200 MPa, a compressive strength of 2000 MPa, a fracture toughness of 
7-10 MPam½ and an elastic modulus of 210 Gpa (Madfa et al., 2014). There are various 
forms of titanium used in dentistry, these are; four grades of Cp-Ti, which are believed to 
be the most biocompatible however lack strength compared to Ti-6Al-4V alloy. Cp-Ti is 
not used for dental applications which are susceptible to high internal stresses especially 
in narrow implantations hence when mechanical resistance is required Ti-6Al-4V alloy is 
utilised. The Ti-6Al-4V alloy ensures load transmission to bone over a long period of time 
which is necessary as the damaged supporting bone is replaced by the dental implant 
and must replicate the role of the periodontal ligament to shock absorb energy during 
function (Elias et al., 2018). The Ti-6Al-4V alloy has an elastic modulus of 113 GPa, a 
tensile strength of 930 MPa, a Vickers hardness of 349 HV, a compressive strength of 
970 MPa, a fracture toughness of 75 MPa and a yield strength of 860 MPa (Osman and 
Swain, 2015).  
One factor which may affect the longevity of zirconia is temperature degradation 
also known as aging which is the structural change of the materials surface due to the 
oral environment. It has also been reported that implant preparation and cyclic loading 
are two factors which may affect the success rates of zirconia as they have been known 
Student Number: 1705112                                         Date of Submission: 08/05/2020 
 
     
58 
 
to reduce the fracture strength of the material. A recent case report examined titanium 
and zirconia implants in 24 patients. Each patient received implants in the mandible and 
the maxilla, at the end of the study the survival rates of mandibular implants was 95.8% 
for the titanium group and 90.9% for the zirconia group. The maxillary implant survival 
rates were very poor, 71.9% for the titanium group and 55% for the zirconia group. 
Another recent study examined one-piece zirconia implants in 71 patients over a 7-year 
period. 161 implants were used in this study, the overall survival rate of the zirconia 
implants was 77.3%. Another study tested titanium implants which were used to support 
single unit crowns, over 5 years the survival rate was 97.2% and over 10 years the 
survival rate was 95.2%. The same study tested titanium implants supporting fixed dental 
prosthesis, they found the survival rate after 5 years was 97.2% and after 10 years the 
survival rate was 93.2%. Another clinical study examined two-piece zirconia implants over 
a one-year period, 32 patients were treated with 49 implants supporting single crowns. 
The survival rate of the two-piece implants over the year was 87% (Hashim et al., 2016). 
Many reports suggest zirconia dental implants have many disadvantages. Various 
sources state there is not a sufficient connection between abutment and implant hence 
why the majority of zirconia implants are one piece. This limitation may affect restorations 
required for the aesthetic zone as prosthetic versatility is reduced and lack of options are 
available for the angulation of the abutment. It is believed one-piece zirconia implants are 
susceptible to loading forces on the supramucosal area of the implant and forces are 
exerted onto the abutment due to masticatory activity (Payer et al., 2014). Due to the 
brittle nature of ceramics, zirconia is only limited to one piece or bonded two-piece 
implants. Two-piece screwed zirconia implants have been introduced but they are not 
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stable under loading conditions making them clinically unreliable. The abutment screw 
connection is the weakest area of the implant system due to the exposure of torque 
concentration and high occlusal stress. Zirconia screwed implant systems are vulnerable 
to screw loosing and failure due to the materials low fracture resistance. Furthermore, a 
study compared bonded two-piece zirconia implants against two-piece titanium implant 
systems and it was reported that two-piece zirconia implants were significantly lower in 
fracture strength and were much higher in failure rates when compared to titanium 
implants (Kammermeier et al., 2016).  
With evidence from the previous studies it is understood the clinical survival of 
zirconia implants is much less compared to titanium implants. Some of the factors which 
affect the clinical survival of zirconia implants is the material’s low fracture strength and 
decreased flexural strength during cyclic loading. A study tested the fracture strength of 
zirconia and titanium implants, the non-loaded group found titanium had a fracture 
strength of 531.4 N and zirconia had a fracture strength of 512.9 N. Another group tested 
the two implant materials under a chewing load and they found the fracture strength of 
titanium was 668.6 N and the fracture strength of zirconia was 410.7 N (Özkurt and 
Kazazoğlu, 2011). The failure rates of zirconia implants have been a common occurrence 
in the present literature, mechanical failure may occur during the surgical placement of 
the implant or most commonly during functional loading. In comparison to titanium, 
zirconia may display surface imperfections during the implant construction and the 
surface modification process. Surface flaws derive from microcracks or pores on the 
materials surface (Figure 4.3.1). These surface flaws may influence crack propagation 
under mechanical loading affecting the fracture strength of the material therefore early 
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implant failure (Osman and Swain, 2015). Titanium is regarded as the best implant 
material due to its low density and great strength. Titanium is stiffer than bone however, 
the metal has the closest modulus of elasticity to bone than any other implant material 
available. The lower modulus of elasticity is ideal as this distributes stress at the bone to 
implant interface. A study tested the fatigue resistance of titanium and zirconia implant 
abutments. This type of testing has been a significant method when retrieving sufficient 
data such as the longevity of the material. Their study found that zirconia implant 
abutments had a much lower fatigue resistance when compared to titanium implant 
abutments (Sen and Us, 2019). Butz et al. (2005) reported zirconia was comparable with 
titanium regarding survival rate, fracture strength and the fracture rate of dental implant 
abutments (Choi et al., 2017). Titanium dental implants have a low failure rate although 
there have been various sources reporting implant failure, titanium implant fracture has 
been reported to range from 0-6% possibly due to the materials low hardness causing the 
metal to wear under mechanical stress. Typically, titanium implants fatigue due to low 
abrasion resistance. Titanium has a tendency to wear when it is abraded against itself or 
another material, this is commonly associated in patients with parafunctional habits such 
as bruxism (De Viter and Fuentes, 2013; Osman and Swain, 2015). It is reported marginal 
bone loss has created bending movements and torque force on dental implants, this 
impacts the mobility of the implant causing eventual failure. Titanium implants usually 
fatigue where stress concentration is applied e.g. the abutment screw or the implant 
screw thread (Figure 4.3.2). Titanium has better survival rates compared to zirconia 
however, titanium is still susceptible to cyclic loading initiating crack propagation on the 
material’s surface. It has also been reported from a chemical perspective that titanium 
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implants may absorb hydrogen from the oral environment therefore making the material 
more brittle and increasing the possibility of fracture. Currently titanium can be treated to 
enhance the material’s mechanical properties. The modulus of elasticity can be 
decreased by cold rolling and cold swaging, this involves accumulative roll-bonding and 
high-pressure torsion. Other strength mechanisms can also be utilised to increase the 
tensile strength of the metal by grain refining and work hardening. Titanium’s fatigue 
strength can be can be increased by conducting an aging treatment after solution 
treatment or thermo-mechanical processing. Likewise, titanium’s fatigue strength can be 
increased with the addition of ceramic particles in the matrix whilst still maintaining a low 
modulus of elasticity (Özcan and Hämmerle, 2012). As mentioned, titanium has a much 
better survival rate in comparison to zirconia although, another important factor to 
consider when choosing the implant material is cost. Cost is a significant factor as 
longevity of the restoration is crucial for the clinician and most importantly the patient. 
Zirconia implants have a higher fracture and failure rate compared to titanium and they 
are surprisingly higher in cost. It is reported zirconia costs the clinician between $500-600 
whereas titanium costs $300-500. Cost is an important factor in dental treatment and it is 
understood that if titanium is much cheaper and historically displays better clinical 
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Figure 4.3.1. (A), (B) and (C) show porosities on the zirconia implant 
surface which initiate fracture and implant failure (Osman and Swain, 
2015). 
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Figure 4.3.2. Fracture of a titanium implant, (A) shows the initial crack at the lower 
left edge of the implant, the crack extends around the thread until it overlaps on the 
upper right side. (B) A higher magnification of the white rectangle displayed in (A) 
showing the fractured surface (Osman and Swain, 2015) 
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4.4 Aesthetics  
  
Another primary factor that influences the success of dental implants is that they 
are aesthetic and they resemble the optical properties of natural dentition. Dental implants 
that are implanted into the aesthetic zone must not impinge on a natural appearance 
otherwise this could also be a factor that causes implant failure. Oral health is an 
important factor when considering implantations, loss of bone and gingival tissue creates 
difficulty delivering an aesthetic outcome. Titanium has been used in dental implants for 
many decades due to its favourable mechanical properties and its excellent 
osseointegration with bone. However, titanium lacks aesthetics due to its grey metallic 
hue which impinges on aesthetics in the anterior region. Within the aesthetic zone 
patients that present with gingival recession and thin gingival tissues may impact the 
ability to mask the grey hue of titanium. The metal has low light transmission which may 
impinge on the aesthetic outcome especially in patients that display a high lip line 
(Schwitalla and Müller, 2013). In present dental implantology the demand for metal free 
restorations is becoming popular, zirconia is being acknowledged as a possible 
alternative to titanium due to its white opaque nature which resembles natural dentition. 
However, white aesthetics should not be considered alone as pink aesthetics are also 
important during dental implant rehabilitation. Maintaining consistency in soft tissue colour 
is important when trying to achieve an aesthetic outcome, the peri implant soft tissue 
should resemble the colour of adjacent and opposing tissue. Therefore, to ensure ideal 
consistency in the colour of peri implant soft tissue it is ideal to have an underlying tooth 
coloured implant and abutment (Fenner et al., 2015). It has been reported that the 
thickness of the peri implant mucosa has an important role when selecting implant 
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materials. In a study zirconia and titanium implant abutments were compared with a 
mucosa thickness of 2mm, they found that titanium abutments have a higher tendency to 











In present implant dentistry the presence of healthy gingival tissues has been an 
important factor when determining success rates. A study reported that 30% of patients 
who required immediate implant treatment needed connective tissue grafting after 12 
months of treatment due to severe gingival recession which impinged on aesthetics. 
(Jum’ah et al., 2012). Thin gingival tissue has been a common downfall for titanium dental 
implants, it has been reported that over 60% of titanium implant restorations have had 
colour impairment between the peri implant mucosa and the implant restoration. Over 
 
Figure 4.4.1. A titanium implant displaying a dissimilar colour match 
at the gingival margin when compared with neighbouring tissue 
(Fenner et al., 2015). 
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many years gingival recession may occur, this exposes the dark metallic shade of the 
titanium implant restoration. It has also been reported the release of metal ions has been 
linked with the discolouration displayed at the gingival tissues which has caused patient 
dissatisfaction regarding aesthetic results (Han et al., 2016). In contrast, it is reported 
zirconia does not impinge on the colour of the peri implant mucosa during function even 
with a soft tissue thickness of 1.5mm (Figure 4.4.2) (Jum’ah et al., 2012). The optical 
behaviour of zirconia is primarily down to a few factors, these are its composition, grain 
distribution, crystal size and methods of machining. Zirconia is also believed to be an 
excellent material when masking dark substructures due to its opacity, this is partially due 
to zirconia’s grain size being greater than the wavelength of light. Zirconia is also 
radiopaque similar to titanium which makes it easy to visualise on a radiograph (Apratim 
et al., 2015; Sivaraman et al., 2018). An ideal implant material will resemble similar optical 
properties to a natural tooth structure therefore, zirconia is much better than titanium in 
regards to matching the optical properties of natural dentition, this includes its ability to 
reflect, absorb and scatter light. Zirconia is an ideal material for anterior dental implants 
as new techniques are helping zirconia advance in dentistry especially in aesthetically 
challenging cases. Zirconia is available in high translucent options and its capabilities of 
colour matching is made easier with various colour dying liquids which are used to match 
the 16 tabs available on the vita shade guide, these include shades ranging from A1-D4 
(Ritter, 2013). In addition, having implants and abutments the same shade as the 
prosthetic crown enables colour harmony to be achieved at the peri implant soft tissue 
hence the reason zirconia is becoming a popular treatment alternative when aesthetics 
is the main priority.  
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Figure 4.4.2. (A) zirconia implant placement after 6 months displaying soft 
tissue health, (B) tissue health 4 years after surgery displaying consistency 
in gingival contour, colour and surface texture (Borgonovo et al., 2015). 
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5.0 Conclusion         
 
• Titanium and zirconia are both effective biomaterials in the discipline of 
dental implantology although, it is difficult to pinpoint which one is the best 
dental implant material in the anterior region. Zirconia is a possible 
alternative to titanium implant restorations, nevertheless many factors must 
be considered as every patient case demands different approaches and 
requirements.  
• Titanium dental implants have been used for many decades however, 
zirconia has much better biological properties making it a more suitable 
implant for individuals with titanium hypersensitivity.  
• In regards to osseointegration titanium and zirconia have been compared 
in various in vivo animal studies, this has shown them to be equally effective 
in measuring cell proliferation, cell adhesion, bone to implant contact and 
successful osseointegration.  
• Aesthetic dentistry is another essential factor when considering dental 
implants in the anterior region. Zirconia is the most favorable implant 
material in regards to aesthetics, as the ceramics optical properties are 
superior to titanium due to its ability to replicate natural dentition in 
aesthetically challenging cases.  
• Titanium has the highest survival rate of any dental implant material due to 
its excellent mechanical properties. Titanium dental implants have years of 
long-term success particularly due to the material’s low modulus of elasticity 
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as well as high fracture strength and resistance. A major downfall of zirconia 
dental implants is their one-piece design, lower fracture strength and much 
lower survival rates in comparison to titanium. Zirconia has only been used 
for dental implants restorations for a short period of time and long-term 
success is therefore limited, this emphasises the need for additional 
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